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1. INTRODUCTION 

The phosphorus-covered white-emitting light-emitting diodes (WLEDs), the quantum dots white- 
emitting LED (QD-WLED), along with the pc-WLED featuring red-LEDs in place of the phosphorus (pc/R- 
WLED) are the three popular types of high-efficiency hybrid white LEDs. People have always acquired ideal 
color rendition characteristics, natural illumination resources, as well as high efficiency. The basic color render 
indices (Ra) [1] and luminescent efficiency (LE) [2] are commonly applied to describe the efficiency of hybridized 
white-emitting LEDs. Previously, we investigated WLEDs enhancement below the constraints of the given 
correlating color temperatures (CCT) and color rendering indices by optimizing radiated luminescent efficiency 
(LER). With Ra, R9 larger than 98, CCTs adjustable phosphorus-covered/R-WLED device comprising the blue- 
emitting InGaN chips, the red-emitting AlGalInP sensor, as well as the green and yellow-emitting silicate 
phosphorus may yield LER greater than 296 Im/W over CCT value between 2700K and 6500K [3]. 

The blue LED-triggered quantum dots-WLEDs containing green, red, and yellow-emitting QDs were 
reported to have LERs at 327—371 Im/W with R9 and Ra equal to 95 under 2700K-6500K CCTs [4]. To account 
for the Stokes shift’s waste of power, restricted luminescent efficiency is recommended (LLE). Optimizing LLE 
of required color rendition, many ideal hybridized white-emitting LEDs is discovered [5]-[8]. Ra, R9 of over 98 
for CCTs range between 2700K and 6500 K, the CCT adjustable pc/R-WLED device containing the blue and red 
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chips, accompanied by phosphors in yellow as well as green might achieve LLEs at 276-309 lm/W [9]. Blue- 
chip-activated QD-WLEDs comprising blue CsPb(C10.1Br0.9)3, greenish CsPb(Br0.910.1)3, yellowish 
CsPb(Br0.510.5)3, as well as scarlet CsPb(Br0.210.8)3 QDs operated achieved CCTs adjustable white-emitting 
lights having Ras between 96 and 97 along with LLE values between 243 and 254 Im/W from CCT values 
between 2700K and 6500K. As CCTs are at 2731K and 6533K, white LED genuine R/Y/C compositions can 
provide CCTs adjustable white-emitting lights featuring Ra values between 97 and 98, R9 values between 98 and 
99, as well as Le values between 122 and 132 Im/W [10]. Ra is a regularly used metric to assess color rendition. 
The fact that Ra might award high evaluation compared to resources that do a poor job of rendering saturated 
object colors is one issue [11], [12]. To address the shortcomings of the Ra, the illuminating engineering society 
(IES) recently developed one dual-state mechanism [13] that includes color quality scales (Rf) and related color 
spectrum indices (Rg) [13], [14]. The CIE approach approved this technique [15]. The Rfs in the pc/R and QD- 
WLED device, along with the R/Y/C white-emitting LED compositions remained under 95 according to IES 
testing. As a result, their color-rendered characteristics could not reach to quality of CIE. Baslamisli and Gevers 
[16] found that four-phase LED devices containing colors of red, green, yellow, along with blue LEDs might 
achieve considerable color rendition regarding Rf at 93-94 and Ra at 95-97, as well as reasonably large LER of 
299-339 Im/W and exceptional LER of 299-339 Im/W throughout a diverse CCT variety among 2800K and 
6500K. At 2800K-6500K CCTs, a realistic 17-channel LED array featuring 93-97 Rfs, 100-102 Rgs, and 282— 
312 Im/W LERs was displayed, comprising 13 sorts of restrictive-band LEDs and four kinds of phosphorus- 
covered white-emitting LEDs having 93-97 Rfs, 100-102 Rgs, as well as 282—312 Im/W LERs. 

It's a shame there was no information on the 17-phase LEDs set's luminous effectiveness. LLE, 
however, is predicated on the assumption that incoming photons are equivalent to outgoing photons. The LE 
enhanced simulation of CCTs adjustable pc-WLEDs was currently devised. With CCT values between 2700K 
and 6500K, optimum blue-chip-activated pc-WLEDs featuring yellow, green, and red-emitting phosphorus 
may reach 97 Rfs as well as 118-127 Im/W LEs, with a radiating efficacy (Re) at 60% for the blue-emitting 
chip and quantum efficacy (Qe) at 90% for the phosphorus layer. At CCTs of 3037K, 4081K, 4951K, and 
6443K, these four actual PC-WLEDs featured 96—97 Rfs and 93-106 Im/W LEs have been demonstrated [17]. 
The development of the LE simulation of pc/R-WLEDs to analyze the optical efficiency of three variations of 
hybridized white-emitting LEDs is essential. Until now, no one has looked at spectrum enhancement for the 
CCT adjustable pc/R-WLEDs through optimizing LE using specific Rf. LE’s framework of pc/R-WLED, 
which was established in this study, contains the Res in blue-emitting and red-emitting LEDs, and Qe in the 
dual-hue phosphorus layer as well. This research deeply analyzes the optical and spectrophotometric 
capabilities of pc/R-WLEDs, as well as the optimum spectrum properties of every colored element. In the case 
where Rf is at 97, to optimize the median LE with CCTs ranging between 2700K and 6500K. In addition, LE 
teams discussed the photometric performance of three hybridized white-emitting LEDs variations at 97 Rf. 
Finally, four of the most promising possibilities were demonstrated: 96-97 Rfs and 120-124 LEs when CCTs 
are at the following 2969K, 3955K, 5034K, as well as 6558K will be featured inside pc/R-WLEDs. 


2. METHOD 
2.1. Preparing CaGa2S4:Eu** 

This yellow-green-emitting CaGa2S4:Eu** phosphor is an indispensable part of our investigation. For 
the task of acquiring sheets of phosphor that yield accurate outcomes, appropriately creating the phosphor 
substance is very crucial. Table 1 demonstrates that CaGa2S4:Eu?* includes 3 constituents. The creation 
procedure contains two firing phases. Prior to the initial phase, we mix the constituents via slurrying in water, 
which will form a compound. Let the compound dry naturally and powderize it after. The first stage begins by 
firing the compound within open quartz boats under approximately 800 °C in H2S for | hour, then milling the 
compound. The last phase involves firing the compound one more time within open quartz boats with the same 
time and temperature. However, this stage includes N2 bubbling through CSz during the firing. Afterward, the 
compound is pulverized. Finally, store the mixture in a well-closed container. As expected, the results should 
have these optical properties discharge apex of 2.22 eV, along with an emission width (FWHM) of 0.24 eV. 
The UV simulated exciting efficacy should show ++ (4.88 eV), + (3.40 eV), as well as 7% by e-ray. A final 
note to remember is the unstable status when this phosphor is within water [18]—[20]. 


Table 1. Ingredients of CaGa2S4:Eu?* phosphor composition 
Ingredient Mole % By weight (g) 


CaCO; 99 99 
Ga,O3 200 (of Ga) 187 
Eu,0; 1 (of Eu) 1.76 
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2.2. Photometric enhancement simulation 

The comparative spectrum power dispersion (SPD) in the pc/R-WLED is made up of green and yellow 
phosphorus-covered LEDs (or pc-LEDs) controlled through a blue-emitting LED, along with red-emitting 
LEDs, the formula of S,,-(A) [21]-[23]: 


Spe/R (A) = RycSpc(A) + k, SAA, Ady) (1) 


in which S,-(A) and S(A, 4,,A4,) are the comparable SPDs in the phosphorus-covered and red-emitting LED, 
respectively. A,and A/,.are the maximum wavelength (WL) and the full width at half maximum (FWHM) for 
the red-emitting LED. The ratios between pc-LED as well as red LED relative spectra, correspondingly, are 
ky and k, [23]. Inside these percentage coefficients, there is just a single individual variable for the 
comparative SPD from pc/R-WLED (Ky, and K,-). Spc (A), the comparative SPD in pc-LEDs, is calculated as (2). 


Spc(A) = QS (Asay, AAy) + IgS(AsAgs Adg) + dyS(AAy, Ady) (2) 


In which S(A,Ap, Ad,), S (A,Ag, Aa,), and S (A,Ay, Ady) denote the comparative SPDs within the blue 
spectral, as well as the orange and green phosphor coating, conveyed across the phosphorus layer. The optimum 
WLs of blue and green-emitting LED, and orange phosphorus, accordingly, are denoted by dp, Ag, and Ay. 
Their FWHMs are denoted by Ad, Ad, and Ad,,. dp, g, and qy denote the blue spectra percentage conveyed 
via the phosphorus film, and the green, and orange-emitting phosphors, correspondingly. We utilize the Ohno 
model [24] SPDs on both the red and blue-emitting LEDs. Phosphor SPDs are described simply as Gaussian 
function upon this photon energy level [24]. N, is the quantity of poor-energy photons released per second in 
a phosphorus film made up of green/yellow phosphorus mixes. Which formula is calculated by: 
kp 


cd. 
ok S(AAy, AAy Ada (3) 


Rycd 
Ny = 8 J, S(A,Ag, Ag )AdA + 


the quantity of the potent-power blueish photons occluded via the phosphorus layers in green/yellow every 
second, Nap as shown in: 


Nap =“ f, SQAp, AA, AGA (4) 


he 


the occluded blue illumination fraction, Planck's constant [25], and lighting speed, accordingly, are denoted by 
dap, , and c. Because the absorbed percentage, qq, for the phosphor sheet in green/yellow will be specified 
as N,/Nap, the following formula may be used to compute it: 


_ kpcdg Jy SQAgAAg)AdA+K peg Jy S(Ay Ary )Ada 


dab Qe Jy SQuApAAp)AGA o 
the blue LED's radiant efficiency, Rep, is computed as: 

Rew = 555i (pe + dap)S Quay, May dA (6) 
the radiant efficacy for the red-emitting LED, will be as: 

Rer = —Jy krSQAy, AA, da (7) 


inr 


the standard source energy of blue and red-emitting LEDs, correspondingly, is denoted by Pin, » and Pin, +. AS a 
result, a pc/R-WLED device’s LE value may be computed by adding the radiant efficacy from blue as well as 
red-emitting LED devices, along with the quantum efficacy for the green/yellow phosphorus layer [26]. 


_ 683 
(Pinb+Pinr) 


LE J, VA)Spc/p (Ad = 
683 fy VA)Spcjp(A)da 


1 
fy Opcde+dab)SQAvAAp dat ge fy KrSQArAar)da 


(8) 
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In which V(A) is the photopic luminescent efficacy function of the 1988 CIE [27]. The median LE 
value for a pc/R-WLED device with adjustable CCT featuring blue as well as red-emitting LED devices (R,, 
and R., equal to 60%) along with the phosphorus film in green/yellow (Q, equal to 90%) when Ry is at least 
97 will be determined as: 


F = V3.4 LE; (ky jAp, Ag, Ay Ars Ap, Ag, Ady, AA, ) 
(For Ry = 97, Dyy = 0) (9) 


2700K, 3000K, 3500K, 4000K, 4500K, 5000K, 5700K, and 6500K of CCTs are represented by the subscripts 
j= 1, 2, 3, 4,5, 6, 7, and 8. Mixed-type WLEDs' chromaticity was forced to lay on the Planckian axis with a 
CCT value beneath 5000K, and the daylight locus with a CCT value over 5000K the chromatic disparity 
between the 2 mentioned cases in the CIE 1960 UV chromatic chart (D,,) would be 0. Under disparate 
maximum WL values with FWHM values for the LED device as well as phosphor, a D,,, = 0 limit is used to 
prevent going outside the white-light source's chromatic sensitivity quadrangles. 

During the optimizing process, the selected WLs for the pc/R WLED were 450 and 470 nm of the 
blue-emitting LED, 490 and 550 nm of the greenish phosphorus, 550 and 600 nm of the yellow-emitting 
phosphorus, along with 600 and 650 nm in the case of the red-emitting LED. Furthermore, the FWHMs for 
blue LEDs range from 25 to 35 nm, for green and yellow-emitting phosphors from 70 to 120 nm, and for red 
LEDs from 20 to 30 nm. The viable vectors are located upon the hypersurface including 9 dimensionalities 
when the 12-dimensional factor gap is subjected to three color-combining restrictions, hence the goal value F 
excludes the parameters comprising ky,, dp, dg, and qy. As a result, the enhancement issue boils down to 
determining the optimum of the goal values (F). As it can examine a large number of alternatives, without a 
starting resolution, is effective in complex situations, and could be easily altered to approximate the Pareto 
ideal set, a rapid Pareto genetics method is employed in optimization. The recreation of phosphorus layers from 
the MCW-LED device are through films of silicon will be done with software LightTools 9.0 as well as the 
Monte Carlo process. 

The recreation is divided into two phases: the first phase defines, then constructs MCW-LED formations 
along with light attributes. The last phase regulates phosphor’s light influences via shifting CaGa2S.4:Eu7* content. 
Thorough examination is needed to gauge the influence from YAG:Ce** as well as CaGa2S4:Eu** phosphorus 
compound upon the MCW-LED lights output. It is necessary to understand the nature of two-sheet distant 
phosphorus, which is considered two blends having median CCT levels measured at 3000K, 4000K, and 5000K. 
The said device’s illumination that possesses one conformal phosphorus mixture, as well as an 8500K mean CCT, 
are depicted in detail in Figure 1. The simulation for devices lacking CaGa2S4:Eu?* would be suitable as well. The 
reflector's floor size, width, and outer layer length are reported as 8, 2.07, and 9.85 mm, accordingly. The said 
phosphorus blend will be daubed on nine 0.08 mm thick chips. 1.14 mm* base region area and 0.15 mm width 
connect each LED's chip to the reflector cavity. All blue-emitting chips yield a radiating output measured at 1.16 
W accompanied by one 453 mm peak wavelength range. 


Figure 1. WLED device recreated 


Yellow-green emitting CaGazS4:Eu’+ phosphor: an application for enhancing ... (Le Thi Thuy My) 


94 im) ISSN: 2502-4752 


3. RESULTS AND DISCUSSION 

The inversed correlation among several contents for CaGa2S4:Eu* as well as yellowish YAG:Ce** 
phosphors is displayed by Figure 2. Such adjustment has two aspects: to keep the median CCTs value, and to 
alter the absorptivity along with dispersal for the WLED device containing a pair of phosphor sheets, 
influencing WLED’s hue quality along with light flux performance. The hue output in the device will be then 
altered via the CaGa2S4:Eu** concentration chosen. When the CaGa2S4:Eu”* content surged (2%-20% Wt.), the 
YAG:Ce** content diminished, which retained the mean values of CCT. Devices featuring hue temperatures 
from 5600-8500K will also be subjected to this rule. 
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Figure 2. Retaining median CCT values via altering phosphor contents 


The illustration in Figure 3 is the green phosphorus CaGa2S4:Eu** concentration’s influence on 
WLED’s transmittance spectrum. Assessing the demands of production will help us pick a suitable option. 
High chroma consistency in WLED apparatuses will yield minimal penalty for lumen. White illumination 
occurs as a result of the spectrum area’s composition, which exhibit 5600-8500K spectra, accordingly. The 
intensity is inflated alongside the CaGa2S4:Eu7* content for specific zones within the spectrum for illumination: 
420-480 nm along with 500-640 nm. Superior lumen is observed through the double-bar discharge spectrum. 
Likewise, the increase of blue-light scattering in WLEDs implies that dispersion within the phosphorous sheet 
as well as WLED device also rises, favoring chroma consistency. The chroma balance for the remote phosphor 
setting under considerable heat level may prove challenging for controlling. Our assessment found that 
CaGapS4:Eu**, at 5600K along with 8500K, could augment WLED’s hue quality. In the research, the output 
for the generated luminous flux from the double-sheet phosphorus setting was investigated more extensively. 
The results from Figure 4 show that as the concentration of CaGa2S4:Eu* grew from 2% wt to 5% wt, the 
luminous flux increased substantially, reaching 20% by weight. The hue deviance immensely fell alongside 
the phosphor CaGa2S4:Eu7* content, as shown with the CCT levels from 
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Figure 3. CaGa2S4:Eu** concentration functions as Figure 4. CaGa2S.:Eu** content correlating with 
WLEDs emitting spectrum measured at 6000K lumen in WLED 


Figure 5 the red phosphor layer's absorption is the inducement for this event. When the CaGa2S4:Eu7* 
phosphor absorbed the blue ray made via the chip in LED which then gets replaced by the green color. The 
yellow illumination would also be absorbed through the CaGaS4:Eu”* granules from the said chip with the 
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blue-emitted light. The blue absorption, however, is the strongest, a result of the absorbtivity from the 
substance. By adding CaGa2S4:Eu**, the greenish content within WLEDs rises, augmenting hue consistency. 
Hue consistency would be highly vital. As the hue consistency index surges, the cost of WLED devices will 
surge as well. However, the low cost from using CaGa2S4:Eu** is an advantage. CaGazS4:Eu* has the potential 
for popular use. 
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Figure 5. CaGa2S.4:Eu** content correlating with hue deviance in WLED 


The task of gauging hue output in WLED would require many factors, besides the hue consistency. 
The hue aspects cannot be considered as good with high color homogeneity index. Consequently, recent studies 
utilized CRI along with CQS. With CRI as gauging factor, an illuminated item will show its actual hue. The 
immoderate abundance in green illumination among the dominant shades (blue, yellow, green) results in colour 
disparity, affecting color quality in WLED, causing deficit for the hue fidelity. Figures 6 and 7 demonstrates 
the tiny decline of CRI and CQS with the remote phosphor CaGazS4:Eu** layer, respectively. Besides the blue 
light, the CaGa2S4:Eu** particles consumed the yellow light originated in the LED’s chip. And once again, the 
blue-emitting light absorption is excessively active thanks to the absorbtivity from the substance. CRI and CQS 
fall considerably if CaGa2S4:Eu?* content becomes preponderant over 10% wt., caused by the sunstantial hue 
dissipation when green turns dominant. Gauging a proper concentration for CaGa2S4:Eu** will be a vital task. 
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Figure 6. CaGa2S.:Eu** content correlating with CRI in WLED 
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Figure 7. CaGa2S.:Eu** content correlating with CQS in WLED 
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4. CONCLUSION 

The attributes in the phosphor arrangement with double sheets are studied using CaGa2S4:Eu** green 
phosphorus. The study found that CaGa2S4:Eu?* would augment hue uniformity through Monte Carlo computer 
recreations, being natural to WLED devices featured hue temperatures below 5600K and over 8500K. The study 
results were able to attain the aim of boosting color quality as well as lumen, due to the distant arrangement for 
phosphor. Regardless, CRI and CQS will yield a minor downside. The CRI and CQS noticeably waned in case 
the CaGa2S4:Eu** concentration rises excessively. Hence, an appropriate content of the phosphor must be decided 
by considering the aims of manufacturers. The paper has yielded agitatedly valuable information when it comes 
to realizing superior color consistency along with luminous flux for WLED devices. 
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